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(54) Parallel plate beam splitter configuration in high index glass 



(57) Color and/or polarization beam splitters are 
used in a muJti-color light valve projection systems. The 
color and/or polarization beam splitters each include 
first and second prisms with a thin-film stack located 
therebetween. The prisms are made of glass which has 
an index of refraction between 1 .65 and 1 .85. The color 
and polarization beam splitters operate at an angle of 
incidence of 45 degrees. By operating at 45 degrees, 
the color and/or polarization beam splitters can be as- 
sembled in a compact and parallel manner and thereby 
reduce the size of the color and/or polarization beam 
splitter while increasing the contrast of the light valve 
projection system. The high index of refraction glass al- 
so produces a smaller optical path for a given physical 
path. The disadvantages associated with index of re- 
fraction oil prisms are also eliminated. 
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Description 

BACKGROUND OF THE INVENTION 
5 1, Technical Field 

[0001] This invention relates to beam splitters and : more particularly, to parallel plate polarizing and color beam 
splitters for liquid crystal displays. 

10 2. Discussion 

[0002] The angle at which a thin-film MacNeille polarizer is effective is determined by the indices of refraction of 
three materials. The first two materials are the alternating materials that make up the thin-film reflecting stack. The 
third material is the surrounding medium whose index of refraction may be different than either of the two materials 
is used for the thin-film stack. 

[0003] The thin-film stack is typically made of alternating layers of a first material with a high index of refraction (n H ) 
and a second material with a low index of refraction (n L ). At a special angle, Brewster's angle, the reflectance for P- 
polarized light entirely vanishes. In the low index of refraction material, this angle is computed by 

n H 

G B = arctan ( — ). 
B x n L ' 

In the high index material, the corresponding angle is the complement of G B . The object of the thin-film polarizer design 
25 is to use Brewster's angle to minimize the reflectance of P-polarized light while maximizing the reflectance of S-polarized 
light. . 

[0004] If the index of refraction of the external medium (n E ) is not equal to n L , additional refraction takes place. The 
polarizing angle 0 E in the external medium can be found using Snell's Law: 

30 

n E sin (Q E ) = n L sin (Qq) 

or, 

35 

( n T sin Q R \ 
e„ = arcsin I —± £|. 

V n E ) 



40 Because the interface between the stack and the external medium does not operate at Brewster's angle when n E ^n L , 
a small amount of reflectance of P-polarized light is generated by the interface. 

[0005] High contrast also occurs when the color and polarization beam splitters are parallel. The most convenient 
angle for a polarizing and/or color beam splitters is usually 45°. A 45° prism takes less space or volume than a prism 
operating at a higher angle. 

45 [0006] A beam splitter which operates at 45° is impossible with a two-component system (n E =n L ) for the following 
reason. The only solutions to the equation 



so 



45° = arcta 



requires that n H =n L . However, when n H =n L , there is no reflection for P-polarized or S-polarized light. Therefore, the 
third material for the external medium must be introduced to keep the external angle at 45° while permitting the internal 
55 Brewster angle to be larger than 45°. This, however, means that the index of refraction of the external medium must 
be larger than the index of refraction of the low index material in the stack. The only suitable external medium having 
a sufficiently high index of refraction and sufficiently low birefringence to allow high-contrast operation at 45 & is oil. 
[0007] Liquid oil prisms include a thin-film polarizing stack formed on a thin plate which is placed in a tank containing 
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oil. The oil, however, is source of additional problems. A large external medium index of refraction will normally facilitate 
superior polarizing, 6Irt as Tthe index" of refraction "cjoes up, the quality of the oil usually goes down and gives 'f fee 'to 
additional problems. The liquid oil prism provides a less than perfect match to the corresponding glass substrate. 
Undesirable absorption of blue light is also common. The intense beams of light traversing the liquid oil prism also 
s cause chemical decomposition. Absorption of infrared and visible energy also increases thermally generated convec- 
tion currents and pressure, on the tank which requires special methods and apparatus for relief of the currents and 
pressure, 

[0008] Therefore, it would be desirable to provide polarizing and color beam splitters which operate at an incidence 
angle of 45° and operate in an external medium which does not have the disadvantages of index of refraction oil and 
io liquid prisms. Preferably the polarizing and color beam splitters have high contrast. 

SUMMARY OF THE INVENTION 

[0009] Color and/or polarization beam splitters according to the present invention are used in a multi-color light valve 
15 projection systems. The color and/or polarization beam splitters each include first and second prisms with a thin-film 
stack located therebetween. The prisms are made of glass which has an index of refraction between 1 .65 and 1.85. 
The color and polarization beam splitters operate at an angle of incidence of 45 degrees. 

[0010] By operating at 45 degrees, the color and/or polarization beam splitters can be assembled in a compact and 
parallel manner and thereby reduce the size of the color and/or polarization beam splitter while increasing the contrast 
20 of the light valve projection system. The high index of refraction glass also produces a smaller optical path for a given 
physical path. The disadvantages associated with index of refraction oil prisms are also eliminated. 
[0011] Other objects, features and advantages will be readily apparent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

[001 2] The various advantages of the present invention will become apparent to those skilled in the art after studying 
the following specification and by reference to the drawings in which: 

Figure 1 is an end view of a beam splitter according to the present invention; 
30 Figure 2 is a side view of the beam splitter of Figure 1 which illustrates the path of incident light on the beam splitter; 

Figure 2A is an isolated side view of the beam splitter thin-film stack shown in Figure 2; and 
Figure 3 is a side view similar to Figure 2 illustrating the path of modulated and unmodulated light reflected by the 
light valves. 

35 DETAILED DESCRIPTION 

r«-\/-\-« t—> ~-t : , i— • . , h , 1 r\ — . * -i r\ .11. ._*_,-.* _j 1 „ 1. . _j „ 1 ; _.u+ .. 1 o — * . .— . — ^l-*-.-,**^ 

[uuuj neitfini 19 iu nyuiea i ai to c> ai i lj}Jiii_cii oyoici 1 1 iu muoiiaieu anu muiuuco a nvjiit ouui^c <^ ut uupuiaiM.cLi 

light. Optical system 10 further includes a prepolarizer 14, a main polarizer and color beam splitter 18, and a projection 
lens 20. 

to [001 4] A first quarter-wave plate 24 is located adjacent a facet 30 of main polarizer and color beam splitter 1 8. A first 
liquid crystal light valve (LCLV) 34 is located adjacent quarter- wave plate 24. A first cathode ray tube (CRT) (not shown) 
is located adjacent first LCLV 34. 

[0015] A second quarter-wave plate 42 is located adjacent facet 44 of main polarizer and color beam splitter 18. A 
second LCLV 48 is located adjacent second quarter-wave plate 42. A second CRT (not shown) is located adjacent 
45 second LCLV. 

[0016] An optical path compensator 60 abuts a facet 62 of main polarizer and color beam splitter 18. A third quarter- 
wave plate 66 lies adjacent optical path compensator 60. A third LCLV 68 is located adjacent third quarter-wave plate 
66. A third CRT (not shown) is located adjacent third LCLV 68. Lens 20 is positioned adjacent facet 74 of color beam 
splitter. 

50 [0017] Main polarizer and color beam splitter 18 includes first, second, third and fourth prisms 80, 82, 84 and 86. A 
first thin-film stack 90 associated with the main polarizer is sandwiched between first and second prisms 80 and 82. 
A second thin-film stack 92 associated with a first color beam splitter is sandwiched between second and third prisms 
82 and 84. A third thin-film stack 94 associated with a second color beam splitter is sandwiched between third and 
fourth prisms 84 and 86. Preferably, as shown in Figure 2A, the thin-film stack 94 includes alternating layers of a first 

55 material having a high index of refraction, such as the layer H, a second material having a low index of refraction, such 
as the layer L, and two layers M each having a medium index of refraction that interface the stack within the adjacent 
prisms 84, 86. Thin film stacks 90, 92, are similar in structure to the thin-film stack 94, although the number and thickness 
of layers used in each stack may vary according to specific design parameters. 
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[0018] Preferably, first, second, third and fourth prisms 80, 82, 84 and 86 are made of glass having a high index of 
refraction. Preferably the glass has an index of refraction between 1 .65 to 1 .85. More preferably, the glass has an index 
of refraction between 1.75 and 1.85. Such glass is currently available from Nikon Corp. In a highly preferred embodi- 
ment, the glass has an index of refraction of 1 .83 and low birefringence. 

s [0019] Referring to Figure 1, prepolarizer 14 includes first and second prisms 100 and 102. A fourth thin-film stack 
106 is sandwiched between first and second prisms 100 and 102. First and second prisms 100 and 102 are also 
preferably made of glass having a high index of refraction similar to the glass of prisms 80 : 82, 84 and 86. 
[0020] In use, unpolarized light W is directed along a first optical axis by light source 1 2 onto a facet 11 0 of second 
prism 102. Unpolarized light W is incident upon the fourth thin-film stack 106. S-polarized light (W s ) is reflected by 

10 fourth thin-film stack 106 in a direction perpendicular to the first optical axis. Fourth thin-film stack 106 transmits P- 
polarized light (Wp) along the first optical axis towards facet 114. 

[0021] Referring to Figure 2, first, second, and third thin-film stacks 90, 92 and 94 are rotated 90° with respect to 
fourth thin-film stack 106 of prepolarizer 14. Therefore, P-polarized light (W p ) exiting at 114 is S-polarized (W s ) with 
respect to main polarizer and color beam splitter 18. 
is [0022] S-polarized light (W s ) is incident upon facet 116 of color beam splitter 18. S-polarizer light (W s ) is reflected 
by first thin-film stack 90 along a second optical axis. First thin-film stack 90 operates in a manner similar to fourth thin- 
film stack. In other words, S-polarized light is reflected while P-polarized light is transmitted. 

[0023] S-polarized light (W s ) is incident upon second thin-film stack 92 which reflects blue light and transmits red 
and green light. The S-polarized blue light (B s ) is reflected by second thin-film stack 92 through optical path compen- 
20 sator 60 and quarter-wave plate 66 onto the third LCLV. The third LCLV modulates the S-polarized blue light in a 
conventional manner. 

[0024] The S-polarized red and green light (R s + G s ) is transmitted by second thin-film stack 92 and is incident upon 
third thin-film stack 94. Third thin-film stack 94 transmits red light and reflects green light. The red and green light 
passes through quarter-wave plates 24 and 42, respectively and is incident upon the first and second LCLV's 34 and 

25 48. The first and second LCLVs modulate the red and green light in a conventional manner. 

[0025] Referring to Figures 2 and 3, when S-polarized blue light (B s ) is incident upon LCLV 68, the third CRT and 
LCLV 68 modulate the blue light to obtain a desired image. The third CRT selectively illuminates portions of LCLV 68 
and leaves other portions dark. Portions of LCLV 68 which are illuminated rotate the S-polarized light into P-polarized 
light. Portions which remain dark simply reflect the S-polarized light. 

30 [0026] In Figure 3 : the reflected S-polarized light is indicated as unmodulated S-polarized blue tight (U BS ). The re- 
flected P-polarized light is indicated as modulated P-polarized blue light (M BP ). Likewise, LCLV 48 provides unmodu- 
lated S-polarized green light (U GS ) and modulated green P-polarized light (M GP ). Finally, LCLV 34 provides unmodu- 
lated red S-polarized light (U RS ) and modulated red P-polarized light (M RP ). First thin-film stack 90 transmits modulated 
red, green and blue P-polarized light (M (R+G+B)P ) and reflects unmodulated red, green and blue S-polarized light 

35 ( u (R+c+B)S)) towards prepolarizer 14 and source 12. 

[0027] By employing glass having a high index of refraction and low birefringence, polarizing and color beam splitters 
operating at an incidence angle of 45° can be realized. Such polarizing and color beam splitters circumvent problems 
associated with prisms employing optical oil as previously described. Furthermore, a 45° prism takes less space than 
a prism operating at a higher angle of incidence. The high index of the glass also produces a smaller optical path for 

40 given physical path. Because the color beam splitters and the polarizing beam splitters plates are all parallel and in 
the same index of refraction medium, the contrast ratio is significantly increased. 

[0028] The following approximated calculations presume zero birefringence because the high index glass has very 
low birefringence. With a quarter-wave plate, polar angle of 5°, and averaged over twelve different azimuth angles, 
the performance of this beam splitter combination is as follows (The following calculation was performed with a com- 
4S puter model) : 

[0029] Nearest color temperature = 5534 K. 
[0030] CIE color coordinates: 
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PHOTOPIC CONTRAST: 

[0031] Red 1315; Green 1 890; Blue 209; and White 11 76. 

[0032] The calculations of contrast assume the use of a quarter-wave plate at the light valve. Without the quarter- 
s wave plate, the contrast is reduced. The following is a calculation without the quarter-wave plate: 
[0033] Nearest color temperature = 5534 K. 
[0034] CIE color coordinates: 
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PHOTOPIC EFFICIENCY = 50.7 



PHOTOPIC CONTRAST: 



[0035] Red 209; Green 170; Blue 112; and White 170. Therefore, quarter-wave plates are preferably employed. 
[0036] Because of the variation of filter cutoff wavelength with incidence angle, the colors of the three channels are 
actually a function of incidence angle. When averaging over all the incidence angles in the illumination cone, a satis- 
factory result of the colors is typically found. If a color depends on a distribution of incidence angles, and the distribution 
of incidence angles varies across the object field, then the primary color will vary across the object field. Because the 
filters are sensitive to variations in incidence angles, the illumination system should not allow variations in the distribution 
of incidence angles from point to point in the object field. Color filters in glass are more sensitive to incidence angle 
variations than are color filters in air. 



A. 45° PBS IN HIGH INDEX GLASS 

30 

[0037] Prepolarizer 14 and main polarizer (first thin-film stack 90) reflect S-polarization in the band of 430 to 680 
nanometers (nm) with maximum reflectance, and transmit P-polarization in the band of 430 to 680 nm with maximum 
transmittance. The optimum angle for P transmittance should be 45°. The range of angles over which the polarizer will 
be used is 40° to 50° in air (42.27° to 47.73° in glass). The external medium is high index glass with an index of 

35 refraction of t;83. " ~ : " 4 "~* - 

[0038] Prepolarizer 14 preferably has the following performance specifications: 

1 . Half-power bandwidth for S reflection > 300 nm; 

2. For the wavelength range from 490 to 610 nm, average transmittance of S-polarization < .0004 and average 
40 reflectance of P-polarization < .002; 

3. For the wavelength range from 430 to 680 nm, maximum transmittance of S-polarization < .003 and maximum 
reflectance of P-polarization < .004; 

4. Angles of incidence between 40° air (42.27° glass) and 50° air (47.73° glass); and 

5. For the wavelength range from 450 to 650 nm, average reflectance of P-polarization < 0.12 

45 

[0039] The foregoing are preferred construction materials for prepolarizer 14 and first thin-film stack 90: 
[0040] Glass 1.83; L 1.52; M 2.13; and T 2.47 where L = "low"; M = "medium"; and T = "titanium dioxide", n = 1.52 
e.g. Si 2 0 3 , ThF 4 ; n = 2.13 e.g. Ta 2 0 5 , Z r 0 2 : n = 2.47 e.g. Ti0 2 . The thin-film materials are not specified because the 
thin-film specialist may achieve the required index by blending materials. Thickness data for the thin-films are given 
50 in normal-incidence quarter-wave units at wavelength 550 nm: 
Glass 
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Glass 

B. 45° BLUE REFLECTOR IN HIGH INDEX GLASS 

5 [0041] The first color beam splitter (thin-film stack 92) preferably reflects S and P-polarization blue wavelengths at 
45° incidence angle in glass having a high index of refraction equal to 1 .83. Because it is difficult to reflect P -polariza- 
tions, a large number of thin-film layers are employed. Also, the variation of the 50% reflectance point, both with respect 
to incidence angle and with respect to polarization, becomes important. These variations should be held to a minimum 
over an angle range of 42.3° to 47.7° while at the same time the reflectance of blue P-polarization is held at a high value. 

io [0042] Thin-film stack 92 preferably has the following performance specifications: 

1 . Angle of incidence: 45°; 

2. Averaging of 50% reflection points for S and P-polarization: 500 nm; 

3. Difference between S and P 50% reflection points: <35 nm; 

15 4. Shift in S and P 50% reflection points between 45° and 47.7°: < 27 nm; 

5. For the wavelength range from 425 to 480 nm, average transmittance of S-polarization ( 0.0001; 

6. For the wavelength range from 440 to 480 nm, maximum transmittance of P-polarization < 0.05 and average 
transmittance of P-polarization < .015; 

7. For the wavelength range from 525 to 680 nm, maximum reflectance of S-polarization (0.0075 and average 
20 reflectance < 0.002; and 

8. For the wavelength range from 525 to 680 nm, average reflectance of P-polarization < .001 . 

9. Angle of incidence: 47.7° (50° in air); 

10. For the wavelength range from 440 to 480 nm, average transmittance of S-polarization (0.001 . 

11. Angle of incidence: 42.3° (40° in air); 

25 12. For the wavelength range from 465 to 480 nm, average transmittance of P-polarization < 0.35; 

13. For the wavelength range from 545 to 680 nm, maximum reflectance of S-polarization < 0.05 and average 
reflectance of S-polarization (0.005. 

[0043] The foregoing are preferred construction materials for thin-film stack 92: 
30 [0044] Glass 1 .83; L 1 .46; and M 1 .83 where L = "low", n = 1 .46 e.g. Si0 2 ; M = "medium", n = 1 .83 e.g. Y 2 O 0 , Th0 2 . 
Thickness data are given in normal-incidence quarter-wave units at a wavelength of 500 nm; 
Glass 
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C. 45° GREEN REFLECTOR IN HIGH INDEX GLASS 

[0045] Thin-film stack 94 reflects S and P green wavelengths at 45° incidence angle in glass with a high index of 
refraction equal to 1 .83. Because it is difficult to reflect P-polarization, a large number of thin-film layers are employed. 
Also, the variation of the 50% reflectance point both with respect to incidence angle and with respect to polarization is 
important. These variation should be held to a minimum over an angle range of 42.3° to 47.7° while at the same time 
the reflectance of green P-polarization is held at a high value. For this beam splitter, the blue wavelengths are not 
important since thin-film stack 92 removed them from the incident light. 

[0046] Green reflector (thin-film stack 92) preferably has the following performance specifications: 

1. Angle of incidence: 45°; 

2. Averaging of 50% reflection points for S and P-polarization: 600 nm; 

3. Difference between S and P 50% reflection points: (42 nm; 

4. Shift in S and P 50% reflection points between 45° and 47.7°: < 34 nm; 

5. For the wavelength range from 500 to 575 nm, average transmittance of S-polarization < 0.0001; 

6. For the wavelength range from 520 to 575 nm, maximum transmittance of P-polarization < 0.03 and average 
transmittance of P-polarization < .015; 

7. For the wavelength range from 625 to 700 nm, maximum reflectance of S-polarization < 0.0075 and average 
reflectance < 0.002; and 

8. For the wavelength range from 625 to 700 nm, average reflectance of P-polarization < .001. 

9. Angle of incidence: 47.7° (50° in air); 

10. For the wavelength range from 525 to 570 nm, average transmittance of S-polarization < 0.001. 

11. Angle of incidence: 42.3° (40° in air); 

12. For the wavelength range from 555 to 576 nm, average transmittance of P-polarization <0.4; 

13. For the wavelength range from 655 to 680 nm, average reflectance of S-polarization < 0.004. 

[0047] The foregoing are preferred construction materials for the green reflector: 

[0048] Glass 1 .83; L 1 .46; and M 1 .83. Thickness data are given in normal-incidence quarter-wave units at a wave- 
length of 600 nm: 
G lass 
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[0049] In a highly preferred embodiment, the light valves have a dimension of 1 " x 1 .78", the main polarizer and color 
beam splitter has a dimension of 4.5 n x 2.2" x 1.5". The optical path equalization block has the dimensions of 1.5" x 
2.28* x 1.5". The prepolarizer has the dimensions of 2* x 3" x 3". These dimensions were calculated assuming a beam 
expansion of 5° in air and 2.73° in glass. If the foregoing sizes are too small for satisfactory image quality, the dimensions 
can be scaled by a fixed factor. For example, if the height of the light valve needs to be 1.2" instead of 1 .0", then all 
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the dimensions and sizes should be multiplied by a factor of 1 .2. 
' [0050] As can be appreciated from the foregoing, projection systems employing thecolor and polarization beam 
splitters according to the present invention have higher contrast ratios than previously obtained due to the use of high 
index of refraction glass along with color and polarization beam splitters which operate at 45°, which are parallel, and 

$ which are in the same index of refraction medium. 

[0051] As can also be appreciated, color and polarization beam splitters according to the present invention eliminate 
the need for index of refraction oil prisms. Furthermore, the space occupied by a tank to hold the index of refraction 
liquid is eliminated. Also, color and polarization beam splitters operating at 45° take less space than beam splitters 
operating at higher angles of incidence. Furthermore, the high index of the glass employed produces a smaller optical 

io path for a given physical path. 

[0052] Various other advantages of the present invention will become apparent to those skilled in the art after having 
the benefit of studying the foregoing text and drawings, take in conjunction with the following claims. 



is Claims 



1. A beam processing system, comprising: 



a polarizer that reflects a portion of a beam of radiation having a first polarization along an optical axis; 
20 a first beam splitter oriented along the optical axis that reflects a first band of the beam of radiation and transmits 

a third band of the beam of radiation; and 

a second beam splitter oriented along the optical axis that reflects a second band of the beam of radiation and 
transmits the third band of the beam of radiation, the second beam splitter being oriented substantially parallel 
to and in close proximity with the first beam splitter to minimize system size and optical path requirements. 

25 

2. The system of Claim 1 , further comprising a prepolarizer that prepolarizes the beam of radiation prior to the beam 
of radiation reaching the polarizer, the prepolarizer being oriented orthogonally with respect to the polarizer such 
that a portion of the prepolarized beam of radiation having a second polarization is transmitted to the polarizer at 
an angle of about 90 degrees and is thereby received at the polarizer as a beam of radiation having the first 

30 polarization. 

3. The system of Claim 2, wherein the polarizer includes a thin-film stack, having an incidence angle of about 45°, 
and being sandwiched between first and second glass prisms having a high index of refraction. 

35 4. The system ofClaim ty wherein the polar izeT comprises a first thin-film stack sandwiched between firsthand second 
transmissive prisms, the first thin-film stack including alternating layers of first and second materials located be- 
tween two prism interface layers, the first materia! comprising a material having a high index of refraction, the 
second material comprising a material having a low index of refraction, the two prism interface layers each having 
an index of refraction between those of the first and second materials. 

40 

5. The system of Claim 4, wherein the first and second prisms are oriented substantially parallel to one another and 
are formed from a glass material having an index of refraction of between about 1 .65 and 1 .85. 

6. The system of Claim 4, wherein the first beam splitter comprises a second thin-film stack sandwiched between 
45 the second prism and a third prism, the second thin-film stack including alternating layers of first and second 

materials located between two prism interface layers, the first material comprising a material having a high index 
of refraction, the second material comprising a material having a low index of refraction, the two prism interface 
layers each having an index of refraction between those of the first and second materials. 

so 7. The system of Claim 6, wherein the second and third prisms are oriented substantially parallel to one another and 
are formed from a glass material having an index of refraction of between about 1 .65 and 1 .85. 

8. The system of Claim 6, wherein the second beam splitter comprises a third thin-film stack sandwiched between 
the third prism and a fourth prism, the third thin-film stack including alternating layers of first and second materials 
S5 located between two prism interface layers, the first material comprising a material having a high index of refraction, 

the second material comprising a material having a low index ol refraction, the two prism interface layers each 
having an index of refraction between those of the first and second materials; and 

wherein the third and fourth prisms are oriented substantially parallel to one another and formed from a glass 
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material having an index of refraction of between about 1 .65 and 1 .85. 

9. The system of Claim 1, wherein the first band of radiation comprises blue wavelength spectrum light, the second 
band of radiation comprises green wavelength spectrum light, and the third band of radiation comprises red wave- 

$ length spectrum light. 

10. The system of Claim 1, further comprising a plurality of light processors that each receive and process radiation 
reflected or transmitted from the first and second beam splitters and that each output the processed radiation 
through the first and second beam splitters; 

10 

the plurality of light processors each having a light valve positioned in operative proximity to a t/4 wave plate 
that each receive light to be processed and that each transmit processed light through the first and second 
beam splitters and the polarizer; and 

wherein the processed radiation comprises both unmodulated and modulated radiation, the polarizer reflecting 
the unmodulated radiation and transmitting the modulated radiation for radiation projection purposes. 
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